Fixation in formalin-based solutions, followed by embedding in paraffin wax to make formalin-fixed, paraffin-embedded (FFPE) tissue blocks, is the gold standard method of preservation of human tissues for diagnosis. Processing material in this manner has a number of advantages, ranging from mitigating risks of infectious agents that may be present in the fresh material to ensuring preservation of the architectural components of the tissue.^[@bibr1-0022155420945050]^ Embedding in paraffin wax enables thin sections to be cut and the architecture of the tissue to be examined using simple dyes, such as hematoxylin and eosin, to delineate different components of the cell. The majority of cancer diagnosis still depends on the ability to link changes in the components of normal tissue architecture with different stages of disease and is further enhanced by the use of immunohistochemistry to examine changes in the abundance of key proteins associated with cellular function. The consistency of diagnosis across institutions is ensured by the use of individual testing protocols that have been validated on FFPE tissues and audited by appropriate bodies such as CLIA (Clinical Laboratory Improvement Amendments) in the United States and NEQAS (National External Quality Assessment Service) in the United Kingdom.

However, more recently, with the advent of tests based on genetic sequence rather than protein antigens, a return to the use of fresh-frozen (FF) tissue as the diagnostic biospecimen of choice has been advocated by some. A number of difficulties in the derivation of gene sequence data from FFPE material have been identified. These are primarily issues with chemical crosslinking that ensues from formalin fixation, DNA fragmentation, and deamination of cytosine (C) bases and generation of abasic sites, as discussed later in this article. These can cause misinterpretation of the DNA sequence, particularly with respect to increased identification of C to thymine (T) and guanine (G) to adenine (A) (C:G \> T:A) mutations which result from deamination.

Although it is commonly expected that knowledge of the DNA sequence is likely to provide more information than assessment of tissue architecture, protein abundance, and position within the cell, this has yet to be proven. Diagnosis will therefore continue to be carried out on FFPE material using histology and immunohistochemistry until a more appropriate method has been validated. This in itself presents a chicken-and-egg challenge on deciding the appropriate biospecimen format going forward. Improvements in cancer diagnosis (such as screening using sensitive techniques like ultrasound) and the use of neoadjuvant chemotherapy to shrink tumors to increase the chances of complete surgical removal and reduce damage to normal tissue structures have led to less tissue becoming available through pathology departments. The pathologist requires sufficient material to make his or her diagnosis and to complete the use of validated diagnostic tests on that material, some of which may guide future treatment of the patient, for example, PLD1 staining to guide immunotherapy.^[@bibr2-0022155420945050]^

Therefore, obtaining a representative sample of tumor for freezing may not be practical in many instances, and even when it is practical, there is additional expense involved in its collection and ongoing storage. Comparison of a genetic test carried out on FF tissue with normal diagnosis and any residual FFPE material from the same tumor can be very challenging. In the pilot study for the UK's 100,000 Genomes Project, which was designed to identify whether FF or FFPE material should be used for clinical whole genome sequencing, the largest dropout (87 of 184; 48%) was due to lack of provision of a suitable FF sample.^[@bibr3-0022155420945050]^ In some cases, this was due to low cellularity (below 40%). Fewer patients (30 of the remaining 97; 31%) were excluded due to poor quality of DNA extracted from FFPE and a further 15 (15%) as a result of further quality issues such as low DNA yield and poor library preparation.

The assessment of epithelial content when fresh material is sampled is something of a lottery---cellularity can only be assessed properly once the material has been rendered solid enough (i.e., frozen) to cut and stain a section of the material. Even then, assessing tumor stage and grade using an FF tissue section is much less precise than with an FFPE section. Although frozen sections are unquestionably valuable when immediate intraoperative diagnosis is required, they have repeatedly been associated with higher diagnostic error rates (principally specificity) than FFPE.^[@bibr4-0022155420945050][@bibr5-0022155420945050][@bibr6-0022155420945050]--[@bibr7-0022155420945050]^ Repeated sampling of a fresh operative specimen is often not practical because there is limited material available due to small tumor size and so on. Complete excision of tumors and excisional biopsies are becoming more infrequent, and needle biopsies require the highest quality of histomorphology, especially for immuno-oncology.

Studies that use two different biospecimen formats are also biased as a result of the sampling of different areas of the tumor and by the fact that FF samples often contain a much smaller area of the tumor than FFPE blocks that are usually much larger in size. The "noisier" bioinformatic readouts that are associated with the FFPE material may actually be caused by the inclusion of multiple different clones of tumor within one specimen compared with the smaller number that may be present in the smaller amount of tumor area taken for FF biospecimen preparation.

Common sense therefore suggests that the best way forward would be to optimize protocols for sequencing on DNA derived from the FFPE material, rather than seeking to use two different biospecimen formats. The result of this approach should be better for the patient's diagnosis and treatment than the sum of the parts.

The Problem of Formalin-induced Sequence Artifacts {#section1-0022155420945050}
==================================================

A problem that users of FFPE tissue face is formalin-induced sequence artifacts, which appear as changes in the DNA sequences following next-generation sequencing (NGS) that were not present in the sample before it was fixed. It is imperative to be able to distinguish genuine mutations from the artifactual ones caused by fixation. Accurate quantification of DNA enables sufficient DNA to be used for library preparation, which is crucial because random sequence artifacts become more noticeable as the number of input DNA templates decreases.^[@bibr8-0022155420945050]^ Ensuring that the primers used for generating libraries produce amplicons that are short and therefore well suited to the fragmented DNA extracted from FFPE biospecimens maximizes the number of templates that are amplified and then sequenced. This in turn reduces the likelihood that random artifactual mutations will be detected above the background noise and data-filtering thresholds.

Sequence artifacts can also be reduced by selecting DNA polymerases that have low efficiencies at bypassing DNA lesions that are artifactual. As described below, the predominant artifactual mutation is caused by formaldehyde-induced deamination of C bases to uracil (U).^[@bibr9-0022155420945050]^ If a DNA polymerase such as Pfu polymerase is used, it can recognize U bases in the template DNA strand and terminate elongation, rather than read across the U, as happens with a conventional DNA polymerase, which results in an incorrect A being incorporated into the newly formed DNA strand.^[@bibr10-0022155420945050]^ Independently sequencing both sense and antisense strands of the DNA is another approach that can identify artifactual lesions with extremely high accuracy (e.g., an error rate of one artifactual mutation per billion bases sequenced) on account of the mutation only being present in one of the two strands.^[@bibr11-0022155420945050]^

Formaldehyde-induced Cytosine Deamination and Uracil-DNA Glycosylase Treatment {#section2-0022155420945050}
==============================================================================

When C becomes deaminated, the result is a base substitution to U. The process occurs naturally at an estimated rate of 70 to 200 events per day in a living cell.^[@bibr12-0022155420945050]^ When it occurs in vivo, the incorrect U is removed by a uracil-DNA glycosylase (UDG), leaving an abasic site. There are at least four different UDGs in mammalian cells (UNG, SMUG1, MBD4, and TDG).^[@bibr13-0022155420945050]^ The cell's base excision repair mechanism is then able to restore C to its correct position, on account of the still-correct G that is opposite the abasic site in the complementary DNA (cDNA) strand. This intracellular repair mechanism is non-functional in a formalin-fixed biospecimen because the tissue is biologically inert, so when C deamination occurs as a consequence of formalin fixation, the U remains in situ following DNA extraction. Then, when a conventional DNA polymerase encounters the U in its template strand during PCR (for library preparation), it responds by incorporating an A into the amplicon it is making (which is complementary in sequence to the template strand). This results in the G \> A artifactual mutation in the complementary strand. The consequence of the A is that in the following round of PCR, the DNA polymerase incorporates a T into the new amplicon it is making, at the site where the C was before fixation, thus resulting in a C \> T artifactual mutation. From then on, the artifactual C.G \> T.A mutation becomes logarithmically amplified as the PCR reaction proceeds.

Only a small proportion of C bases are deaminated as a consequence of formalin fixation, and the process occurs randomly, resulting in low-frequency and unpredictable, artifactual single-nucleotide variant (SNV) calls. However, low-frequency C \> T mutations also occur in cancer and can be clinically important, so addressing the issue of artifactual C deamination is important in the context of sequencing DNA from FFPE biospecimens, even when occurring at low allele frequency. Artifactual SNVs resulting from formalin fixation have been cited as being as high as 1% of the total number of SNV calls when the coverage is low (e.g., 20-fold).^[@bibr14-0022155420945050][@bibr15-0022155420945050]--[@bibr16-0022155420945050]^

An approach to addressing this issue is to incorporate UDG treatment in the DNA extraction protocol using commercially available kits such as GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany), AmpliSeq Direct FFPE DNA Kit (Illumina, San Diego, CA), or NEBNext DNA Repair Mix (New England Biolabs, Ipswich, MA). The result of such UDG treatment is that the U is enzymatically removed, leaving an abasic site. However, the cDNA strand still contains the correct G opposite the abasic site, so when the G-containing strand becomes the template in PCR, the DNA polymerase restores the C to the correct position in the amplicon it produces, and the correct sequence is amplified in subsequent rounds of PCR. It should be noted, however, that the C present in CpG sites is often naturally methylated, and methylcytosine is converted directly into thymidine following deamination; this results in C:G \> T:A substitutions after PCR amplification that UDG treatment cannot correct.^[@bibr9-0022155420945050],[@bibr17-0022155420945050]^

However, the value of routinely applying UDG treatment to correct artifactual C deamination is open to question: Studies consistently show a limited effect of UDG treatment. Bonnet et al.^[@bibr14-0022155420945050]^ compared C:G \> T:A substitution rates in 25 matched FFPE and FF tumor samples using three different FFPE extraction kits, one including and the other two not including UDG treatment. They found that, overall, FFPE samples had 1% higher C:G \> T:A substitution rates than FF (presumably the effect of formalin-induced C deamination), but for the FFPE samples, the extraction kit that included the UDG treatment only reduced the substitutions by 0.01%. In another study in which the UDG-containing GeneRead DNA extraction method was compared with a non-UDG-containing extraction method, C:G \> T:A substitution differences only became apparent when the allele frequency cutoff was reduced from 5% to 2.5%, at which point the call was correct when extractions had been performed using the GeneRead kit.^[@bibr18-0022155420945050]^ A further study found that up to 94% of the observed C:G \> T:A substitutions present in FFPE samples were artifactual and could be reversed using UDG the treatment, but the frequency was so low that there was "little impact on sensitivity."^[@bibr19-0022155420945050]^

The extent of formalin-induced C deamination has been shown in some studies to depend on fixation time. Fixation time is unfortunately not stated in the Bonnet et al.^[@bibr14-0022155420945050]^ study, but Prentice et al.^[@bibr20-0022155420945050]^ found that fixing samples for 48 hr caused more C:G \> T:A mutations than fixing them for ≤24 hr, and although UDG treatment could reverse this enhanced substitution, the allelic frequency of the formalin-induced substitutions always fell below the allelic acceptance cutoff threshold of 5%. A consequence of longer fixation times can be that DNA extracted from the blocks is more fragmented, so it is not surprising that there is a tendency for samples that are more fragmented (with higher cycle threshold numbers in a quantitative PCR \[qPCR\] assay) to benefit more from UDG treatment.^[@bibr1-0022155420945050],[@bibr21-0022155420945050]^ For example, in the study by Serizawa et al.,^[@bibr22-0022155420945050]^ UDG treatment reduced C:G \> T:A mutations by 60% when the DNA was "highly fragmented," but in less fragmented DNA, UDG treatment had no effect. The reason UDG treatment appears more effective in poorer quality FFPE blocks could also be stochastic---there will be fewer template molecules of DNA of amplifiable length, meaning that if one of these amplifiable fragments contains a random deamination artifact, there will be a higher probability that it will be amplified to a magnitude that is above the allelic frequency cutoff threshold applied in the NGS data analysis (usually 5%).

Comparing NGS Data From Patient-matched FFPE and Frozen Biospecimens {#section3-0022155420945050}
====================================================================

We are aware of 17 published studies in which FFPE and FF biospecimens from the same patient have been sequenced in the context of NGS (summarized in [Table 1](#table1-0022155420945050){ref-type="table"}).^[@bibr3-0022155420945050],[@bibr14-0022155420945050],[@bibr15-0022155420945050],[@bibr21-0022155420945050],[@bibr23-0022155420945050][@bibr24-0022155420945050][@bibr25-0022155420945050][@bibr26-0022155420945050][@bibr27-0022155420945050][@bibr28-0022155420945050][@bibr29-0022155420945050][@bibr30-0022155420945050][@bibr31-0022155420945050][@bibr32-0022155420945050][@bibr33-0022155420945050][@bibr34-0022155420945050]--[@bibr35-0022155420945050]^ A common finding is that DNA sequenced from FFPE biospecimens has a lower percentage of mapped reads (i.e., reads that were aligned to the reference genome) than that from FF. Seven of the studies report that DNA from FFPE has lower coverage than that from FF samples, but still above the usually applied quality thresholds for NGS.^[@bibr3-0022155420945050],[@bibr14-0022155420945050],[@bibr24-0022155420945050],[@bibr27-0022155420945050],[@bibr30-0022155420945050],[@bibr34-0022155420945050],[@bibr35-0022155420945050]^ Another seven studies found or show no statistically significant difference in coverage between FFPE and FF.^[@bibr15-0022155420945050],[@bibr21-0022155420945050],[@bibr23-0022155420945050],[@bibr25-0022155420945050],[@bibr29-0022155420945050],[@bibr31-0022155420945050],[@bibr32-0022155420945050]^ One paper reports greater coverage in FFPE than FF, and two papers do not report any.^[@bibr26-0022155420945050],[@bibr28-0022155420945050],[@bibr33-0022155420945050]^

###### 

A Summary (in Alphabetical Order of Primary Author) of Studies That Have Applied NGS to Patient-matched FFPE and FF Biospecimens.
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  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                                            Sample Type (Paired FFPE and FF)                                                Type of NGS     Quantity of DNA Used for Library Prep              UDG Treatment                         QC Method                                                                                                                                                                Sequence Concordance Between Frozen and FFPE       \% FFPE DNA Extractions Passing QC                 \% Patients Where FF Samples Available^[a](#table-fn2-0022155420945050){ref-type="table-fn"}^   \% Mapped Reads                                                   Authors' Conclusions
  ---------------------------------------------------- ------------------------------------------------------------------------------- --------------- -------------------------------------------------- ------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------- -------------------------------------------------- ----------------------------------------------------------------------------------------------- ----------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Astolfi et al.^[@bibr23-0022155420945050]^           Gastrointestinal tumor and normal (n=4)                                         WES             100 ng                                             No                                    Multiplex and qPCR^[b](#table-fn3-0022155420945050){ref-type="table-fn"}^ (crude DNA), nano electrophoresis ^ABio^ (library prep)                                        95% (good-quality FFPE), 55% (poor-quality FFPE)   100%, but 40-50% are defined as "high quality"     N/A                                                                                             98.6% (FFPE)\                                                     "WES is feasible on FFPE specimens and it is possible to easily select FFPE samples of high quality that yield sequencing results comparable to the FF counterpart."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               98.8% (FF)                                                        

  Betge et al.^[@bibr24-0022155420945050]^             Colorectal cancer (n=10)                                                        TES             250 ng (FFPE)\                                     No                                    qPCR^[c](#table-fn4-0022155420945050){ref-type="table-fn"}^ (crude DNA) and nano electrophoresis ^ABio^ (library prep)                                                   91%                                                53%                                                58%                                                                                             96% (FFPE)\                                                       "We illustrate the general feasibility of amplicon sequencing in FFPE tissue."
                                                                                                                                                       150 ng (FF)                                                                                                                                                                                                                                                                                                                                                                                                                                                             78% (FF)                                                          

  Bonfiglio et al.^[@bibr25-0022155420945050]^         Lung adenocarcinoma (n=5)                                                       WES             200 ng                                             No                                    Multiplex PCR, nano electrophoresis ^DIN^, qPCR^[d](#table-fn5-0022155420945050){ref-type="table-fn"}^ (crude extract), and nano electrophoresis ^ABio^ (library prep)   Not stated                                         100% (no acceptance criteria specified)            N/A                                                                                             \> 99% (FFPE and FF)                                              "High-quality and reliable data can be successfully obtained from WES of FFPE samples."

  Bonnet et al.^[@bibr14-0022155420945050]^            Liver and colon tumors and normal (n=25)                                        WES             200 ng                                             No (2 extraction kits), Yes (1 kit)   Nano electrophoresis ^DIN^ (crude extract)                                                                                                                               \> 98.4%                                           100% (no acceptance criteria specified)            N/A                                                                                             97% (FFPE)\                                                       "FFPE samples have less good indicators than FF samples, yet the coverage quality remains above accepted thresholds."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               98.4% (FF)\                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               [\*](#table-fn6-0022155420945050){ref-type="table-fn"}*p*\<0.01   

  De Paoli-Iseppi et al.^[@bibr26-0022155420945050]^   Melanoma lymph node metastasis (n=10).                                          WES             1 µg                                               No                                    Nano electrophoresis ^ABio^ (library prep)                                                                                                                               55%                                                40% or 70% depending on exome capture kit          N/A                                                                                             55% and 69% (FFPE)\                                               "Further refinements will be necessary before FFPE could be used for routine clinical decision making."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               99% (FF),\                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               [\*](#table-fn6-0022155420945050){ref-type="table-fn"}*p*\<0.04   

  Einaga et al.^[@bibr21-0022155420945050]^            Normal liver (n=4)                                                              TES             80 ng                                              No                                    Multiplex PCR and qPCR (crude DNA)                                                                                                                                       Not stated                                         100% (no acceptance criteria specified)            N/A                                                                                             Not stated                                                        "FFPE tissues used for routine clinical diagnosis can be utilized to obtain reliable NGS data if appropriate conditions of fixation and validation are applied."

  Hedegaard et al.^[@bibr27-0022155420945050]^         Colon, bladder, and prostate carcinoma (n=38)                                   TES             1.2 µg                                             No                                    Nano electrophoresis ^ABio^ (crude DNA and library prep)                                                                                                                 Not stated                                         100% (no acceptance criteria specified)            N/A                                                                                             95% (FFPE)\                                                       "Our results suggest that NGS can be used to study FFPE specimens in both prospective and retrospective archive-based studies in which FF specimens are not available."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               98% (FF)                                                          

  Kerick et al.^[@bibr15-0022155420945050]^            Prostate tumors (n=5)                                                           TES, WES        500 ng                                             No                                    qPCR and nano electrophoresis ^ABio^                                                                                                                                     FF and FFPE had "similar coverage profiles"        30% success rate for library preparation in FFPE   N/A                                                                                             75% both FF and FFPE                                              "FF tissues remain the preferred source of DNA, but FFPE tissue can be used for SNV and InDel detection instead if the coverage is 80× or higher."

  Mafficini et al.^[@bibr28-0022155420945050]^         Pancreatic tumors (n=5)                                                         TES             20 ng                                              No                                    Multiplex PCR (crude DNA) and nano electrophoresis ^ABio^ (library prep)                                                                                                 "Similar for FFPE and FF DNA"                      100%                                               N/A                                                                                             Not stated                                                        "NGS can be applied on DNA from routinely prepared paraffin tissues; the data produced are quantitative and thus permit the description of the molecular subclonal composition of a tumor."

  Munchel et al.^[@bibr29-0022155420945050]^           Ovarian, breast, and colon tumors and normal (n=13)                             WES, TES, WGS   50 ng                                              No                                    nano electrophoresis ^ABio^ and qPCR (crude DNA), nano electrophoresis ^ABio^ (library prep)                                                                             \> 96% (WES)\                                      100% (no acceptance criteria specified)            N/A                                                                                             Not stated                                                        "Results from our studies suggest the potential use of diagnostic FFPE samples for cancer genomic studies."
                                                                                                                                                                                                                                                                                                                                                                                                                         \> 95% (TES)\                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                         100% (WGS)                                                                                                                                                                                                                                                              

  Oh et al.^[@bibr30-0022155420945050]^                Tumor, tissue type not stated (n=4)                                             WES             Not stated                                         No                                    Agarose gel electrophoresis (crude DNA)                                                                                                                                  Not stated                                         100% (no acceptance criteria specified)            N/A                                                                                             90% (FFPE)\                                                       "DNA derived from routinely processed FFPE specimens produced NGS data that were similar in quality to DNA from frozen samples."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               99% (FF)                                                          

  Robbe et al.^[@bibr3-0022155420945050]^              Breast, colorectal, endometrial, prostatic, renal, and thoracic tumors (n=52)   WGS             250 or 400 ng (FFPE) depending on results of QC.   No                                    qPCR^[c](#table-fn4-0022155420945050){ref-type="table-fn"}^ (crude DNA)                                                                                                  63-71%                                             69%                                                52%                                                                                             Not stated                                                        "Our results support the use of optimized FFPE cancer samples as an alternative source of DNA for WGS cancer diagnostics if FF specimens are not available."

  Schweiger et al.^[@bibr31-0022155420945050]^         Breast tumor (n=1), macrodissection for tumor in FFPE only                      WGS             1.5 µg                                             No                                    Nano electrophoresis ^ABio^ (library prep)                                                                                                                               χ^2^= 0.82                                         100% (no acceptance criteria specified)            N/A                                                                                             Not stated                                                        "The data obtained from both preparation methods is of comparable quality."

  Spencer et al.^[@bibr32-0022155420945050]^           Lung adenocarcinoma (n=16)                                                      TES             Not stated                                         No                                    Multiplex PCR (crude DNA) and nano electrophoresis ^ABio^ (library prep)                                                                                                 99.99%                                             100%                                               N/A                                                                                             97.7% (FFPE)\                                                     "Differences between fixed and frozen samples are minor and do not affect clinical diagnostic calls."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               98.6% (FF)\                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               [\*](#table-fn6-0022155420945050){ref-type="table-fn"}*p*=0.02    

  Van Allen et al.^[@bibr33-0022155420945050]^         Lung adenocarcinoma (n=11)                                                      TES             100 ng                                             No                                    Not stated                                                                                                                                                               92.6%                                              100%                                               N/A                                                                                             Not stated                                                        "The ability to detect base mutations that were sufficiently powered was equivalent regardless of whether frozen or FFPE-derived genomic DNA was used."

  Vanni et al.^[@bibr34-0022155420945050]^             Non--small cell lung cancer (n=12)                                              TES             20 ng                                              No                                    Multiplex PCR (crude DNA) and nano electrophoresis ^ABio^ (library prep)                                                                                                 Not stated                                         100%                                               N/A                                                                                             73--100%, depending on degradation state (FFPE), 99--100% (FF)    "Our NGS-based workflow was successfully able to screen FFPE tissues, demonstrating the possibility of transferring this novel technology into routine clinical context."

  Wong et al.^[@bibr35-0022155420945050]^              Mouse melanoma xenograft (FFPE) and cell line used for xenograft (FF) (n=7)     TES             1 µg                                               No                                    Multiplex PCR (crude extract)                                                                                                                                            83% (SNP), 62% (InDel)                             100%                                               N/A                                                                                             91.9% (FFPE)\                                                     "Formalin fixed xenografts can be accurately assessed for their mutational profile with very similar results to the unfixed corresponding cell lines."
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               98.5% (FF)                                                        
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: NGS, next-generation sequencing; FFPE, formalin-fixed, paraffin-embedded; FF, fresh-frozen; qPCR, quantitative PCR; WES, whole exome sequencing; TES, targeted exome sequencing; WGS, whole genome sequencing; ABio, Bioanalyzer (Agilent Technologies, Santa Clara, CA); LGX, LabChip GX (Perkin Elmer, Waltham, MA); DIN, DNA Integrity Numbers (obtained using Agilent TapeStation); UDG, uracil-DNA glycosylase.

N/A: The percentage of patients without a matched FF biospecimen is not stated, or patient-matched FF and FFPE biospecimens obtained from a Biobank.

hgDNA Quantification and QC Kit (KAPA Biosystems, Wilmington, MA).

FFPE QC Assay (Illumina).

ProNex DNA QC Assay (Promega, Madison, WI).

Statistical significance.

Of the 17 comparative studies, 16 did not apply UDG treatment to the FFPE extractions, and the 1 study that did applied it to one of the three DNA kits tested (discussed in the previous section).^[@bibr14-0022155420945050]^ An enrichment in C:G \> T:A mutations in the FFPE DNA compared with the FF DNA was reported in four of the reports (average coverage per study, 77--130×),^[@bibr3-0022155420945050],[@bibr14-0022155420945050],[@bibr30-0022155420945050],[@bibr32-0022155420945050]^ and there were no statistically significant enrichments in five studies.^[@bibr15-0022155420945050],[@bibr21-0022155420945050],[@bibr24-0022155420945050],[@bibr25-0022155420945050],[@bibr35-0022155420945050]^ One study only found formaldehyde-induced artifactual mutations when the FFPE DNA was particularly degraded,^[@bibr23-0022155420945050]^ one study only found it in CpG sites,^[@bibr29-0022155420945050]^ and six studies did not report any.^[@bibr26-0022155420945050][@bibr27-0022155420945050]--[@bibr28-0022155420945050],[@bibr31-0022155420945050],[@bibr33-0022155420945050],[@bibr34-0022155420945050]^

Formaldehyde-induced artifacts are random in their nature, and so they become less likely to materialize when sequencing coverage increases. Kerick et al.^[@bibr15-0022155420945050]^ noted that a 0.98% false positive mutation rate is detected in DNA from FFPE at 20× coverage, which was eliminated when coverage was increased to 80×. A reduction in the false positive rate from 30% to 10% was noted when coverage was increased from 4× to 8× in another study.^[@bibr31-0022155420945050]^

The amount of sequencing coverage is dependent on the quality of the library, which in turn is dependent on the quality and quantity of the DNA. Astolfi et al.^[@bibr23-0022155420945050]^ sequenced DNA (from FFPE blocks) that had been defined as "good quality" and "poor quality" depending on whether they passed or failed a qPCR quantification and QC Assay: "Good-quality" DNA had the same coverage as FF and "poor-quality" DNA did not. Vanni et al.^[@bibr34-0022155420945050]^ demonstrated that both 10 and 20 ng DNA could be used for successful library preparation, but 20 ng DNA returned higher sequencing coverage (2/90 amplicons \<500×) as opposed to 10 ng DNA (6/90 amplicons \<500×) in the Ion Torrent platform. It has also been suggested that the random, fragmented nature of DNA from FFPE enables higher coverage, thus reducing the false positive rate compared with FF.^[@bibr15-0022155420945050]^

The extent to which there is homology between FFPE and FF sequencing results depends on the study, but the authors cite values between 55% and 100% ([Table 1](#table1-0022155420945050){ref-type="table"}). However, the different studies define "correlation" differently, with some referring to mapped reads, some to mutational status, and others not providing a definition. The different sequencing platforms and applications used in the studies have radically different depths and breadths of coverage, with different false-discovery rate thresholds applied. These factors will determine the degree to which FFPE and FF sequences correlate. The choice of bioinformatics pipeline is also crucial, as demonstrated by Betge et al.,^[@bibr24-0022155420945050]^ who used three different bioinformatic pipelines to analyze their data and found that the choice of bioinformatics pipeline had more influence on the results than selecting an FF or FFPE biospecimen. In addition, tissue heterogeneity means that the mutational status of the FFPE and FF will be inherently different. Finally, the different preanalytical factors that FFPE biospecimens undergo during preparation, storage and DNA extraction compared with FF biospecimens will also be an influential factor.

In terms of describing the amenability of FFPE biospecimens to NGS, the consensus of the 17 studies is that raw NGS data from FFPE biospecimens are slightly poorer than those from FF biospecimens, but this is not surprising, given that FF is the "gold standard" for NGS. The value of these higher quality NGS data must be offset against the higher relevance that the FFPE biospecimens have to the patient's diagnosis, given the same FFPE block will also have been used for IHC and histomorphological analyses. However, the salient question is, "Are the FFPE samples good enough?" which in the clinical setting means "is there a consequential difference in clinical decision making when NGS data from FFPE, as opposed to data from FF biospecimens, are used?" At one end of the scale, De Paoli-Iseppi et al.^[@bibr26-0022155420945050]^ found the differences between FFPE and FF biospecimens to be so large that FFPE "shows little promise for use in clinical whole exome sequencing" and the FFPE data were "too inaccurate to confidently inform clinical decisions." The authors of the 16 other studies take the opposite view, however, concluding that accurate NGS data can be obtained from FFPE biospecimens and clinically actionable variants identified.

One explanation as to why the conclusions of De Paoli-Iseppi et al.^[@bibr26-0022155420945050]^ are so discordant compared with the other studies could be because melanoma is a cancer with particularly high mutation rates and heterogeneity.^[@bibr36-0022155420945050]^ Also, the methods are not entirely clear as to how spatially distant FF and FFPE blocks were: The FF samples were "surgically resected lymph node melanoma metastases" and the FFPE biospecimens (from the same patients) were "routinely collected tumor tissue blocks from the same specimen" that were "generally adjacent to the tumor sample."

The Confounding Problem of Intratumor Heterogeneity {#section4-0022155420945050}
===================================================

To assign differences in NGS data between patient-matched FF and FFPE tissue to the formalin fixation, the extent of inherent tissue heterogeneity must be controlled for. Tumor heterogeneity has been the subject of various studies. For example, using exome sequencing, the average number of mutations per tumor have been cited as 84 for breast (*n*=11), 76 for colorectal (*n*=11), 48 for pancreatic (*n*=48), and 47 for glioblastoma (*n*=21).^[@bibr37-0022155420945050]^ In renal cancer, whole exome sequencing has found that 63% to 69% of mutations were heterogeneous and thus not detectable in every sequenced region of the tumor.^[@bibr38-0022155420945050]^ In another paper, when 19 renal cancer biopsies were evaluated in respect of tumor heterogeneity, 25% to 50% of the variants were not detected elsewhere in the tumor, despite sequencing coverage being \>250×.^[@bibr39-0022155420945050]^ An analysis of intratumoral heterogeneity in 12 cancer types found that 86% of tumors contained at least two clones.^[@bibr40-0022155420945050]^ Navin et al.^[@bibr41-0022155420945050]^ present a study using breast cancer biopsies, in which they separate subpopulations of tumor cells from a single biopsy using sector ploidy profiling, apply single-nucleus sequencing to tumor cells, and then demonstrate that 100 cells from a single breast cancer biopsy contained three clones likely involved in clonal expansion.

Intratumoral heterogeneity is clearly commonplace, both within individual tumor biopsies and in spatially separated tissue blocks taken from the same tumor, as in the comparative FF vs FFPE studies. Indeed, one paper describes the magnitude of tumor heterogeneity as "bewildering."^[@bibr39-0022155420945050]^ In our opinion, the magnitude of this heterogeneity is large enough to account for the differences seen between FFPE and FF samples summarized in [Table 1](#table1-0022155420945050){ref-type="table"}. Indeed, some authors publishing papers that compare sequences derived from paired samples readily make the point that an unknown proportion of the differences they find are a consequence of intrasample heterogeneity.^[@bibr3-0022155420945050],[@bibr42-0022155420945050]^

Tissue heterogeneity does not account for the poorer metrics seen in DNA extracted from FFPE biospecimens in some of the studies, however, and the fact remains that when extracted from FFPE, DNA is more degraded and more likely to fail QC assays than if it had been extracted from FF samples. In our experience, the typical QC failure rate in a cohort of clinical FFPE samples is 25% to 40%, with the DNA either being too degraded or being insufficient in quantity. This failure rate is comparable to that reported by others.^[@bibr3-0022155420945050],[@bibr27-0022155420945050]^ It would therefore be understandable for clinicians to hesitate before embracing FFPE as a biospecimen type when QC failure rates are of this magnitude, but this downside must be offset by the universal availability of FFPE tissue and the problems in collecting FF tissue.

In the majority of Biobanks, FF biospecimens are either much scarcer than FFPE tissue blocks or not available at all. So, researchers open to using FFPE biospecimens have a much greater selection of biospecimens to select their samples from, thus enabling them to use larger cohorts of samples and more precisely match potentially confounding parameters such as patient age, gender, and percentage of tumor within and between their study groups. For clinical diagnosis, minimal sampling methods such as needle biopsies are too small to yield sufficient tissue to have both an FF and an FFPE sample. For these patients, selecting the FF option is not feasible because the error rate of diagnosing cancer, defining tumor grade and stage, and performing immunohistochemistry is too high. Consequently, when NGS is performed using FF tissue, an additional FFPE block is required for diagnosis, but conversely when an FFPE block has been obtained for diagnosis, an additional FF block for NGS is not a necessity, but surplus to requirements in most instances.

We therefore argue that the focus should be on improving the QC failure rates in FFPE biospecimens rather than attempting to change clinical practice and collect FF and FFPE tissues. It would be desirable to better understand how events in tissue processing impact DNA integrity. In addition, DNA yields and integrities can be improved at the point of DNA extraction, by individual labs optimizing their extraction protocols. For example, we recently demonstrated that optimizing the Proteinase K digest and deparaffinization steps of a DNA extraction kit's protocol reduced the percentage of FFPE DNA extractions that failed to meet the QC acceptance criteria used in the 100,000 Genomes Project's pilot study from 33% to 7% in a cohort of 54 FFPE clinical tissue blocks.^[@bibr43-0022155420945050]^ This equates to considerably fewer patients than those who were excluded because an FF tissue block could not be obtained (48%).^[@bibr3-0022155420945050]^

Improving the percentage of FFPE biospecimens that can be sequenced would have benefits for patients (fewer patients needing to return to clinic for another biopsy) and for research (larger cohort sizes mean more robust results). Individual labs can improve their data by taking simple steps to optimize their DNA extraction protocols. Biospecimen Science will enable us to better understand what precise factors are responsible for the poorer quality found when DNA is extracted from FFPE biospecimens and drive improvements in DNA extraction protocols, QC assays, NGS methodology, and bioinformatic pipelines. We are optimistic that FFPE biospecimens will be more commonly used for NGS, and the additional data therefore obtained will also be valuable in matching data quality to preanalytical variables. In the meantime, however, there is sufficient information available to make it clear that NGS can be performed on FFPE biospecimens with confidence.
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